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Introduction
Atmospheric nitrogen (N) deposition is an increasing global problem with clear consequences for grassland ecosystem function Phoenix et al., 2012) . The world's N cycle is now largely controlled by human activity (Galloway et al., 2004) with two main sources of N: ammonia from agriculture and nitrogen oxides from fossil fuel combustion (ROTAP, 2012) . Nutrient enrichment via N deposition is threatening the diversity of species rich grasslands that are diverse precisely because of their low nutrient soil status (Bobbink and Willems, 1987; Stevens et al. 2011; Field et al. 2014; Jones et al. 2014 ). In addition to plant composition change, N addition can also alter plant available N, nutrient cycling and soil pH (Phoenix et al., 2012) leading to further changes in ecosystem functioning. Phosphorus (P) limitation is common in many semi-natural grassland soils, especially calcareous grasslands (Willems et al., 1993; Carroll et al., 2003; Vitousek et al., 2010) where P availability is partly determined by soil pH, forming complexes with calcium at high pH (Kooijman and Besse, 2002) . As a result, plant growth may be limited by P supply (Jeffrey and Pigott, 1973; Morecroft et al., 1994; van den Berg et al., 2005) , thereby reducing some of the negative impacts of N deposition mediated through above-ground competition for light (Ten Harkel and van der Meulen, 1996; Vitousek et al., 2010) .
In addition to soil nutrient status the maintenance of species-rich grasslands often depends on the activity of grazing animals (Ten Harkel and van der Meulen, 1996) . Grazing management of low productivity grasslands, either for food production or conservation, maintains high plant diversity and influences both plant composition and nutrient cycling (Ford et al., 2012a) , potentially interacting with the effects of N addition (Bardgett and Leemans, 1995) . Grazers such as ponies, sheep, cattle and rabbits can reduce the dominance of tall grasses and maintain a short sward of species rich forbs (Bakker, 2003; Ford et al., 2012a; Millett and Edmondson, 2013; van Dijk 1992) . Decomposition and nutrient cycling may also be altered by grazing management. Classic theory suggests that grazed land will be dominated by faster bacterial nutrient cycling and un-grazed grassland by slower fungal cycling (McNaughton et al., 1997; Bardgett et al., 1998) due to altered plant litter quality. However, this is not always the case, with both net nitrification and N mineralisation rates lower in grazed than in un-grazed coastal grassland (Ford et al., 2012a; Ford et al., 2013) . Nutrient cycling is important as it determines plant available N, a limiting factor for plant primary productivity (Bardgett et al., 2011) , mediated by grassland decomposition rate. Soil organic matter decomposition can be measured by mineralisation assays and by the biological activity of soil meso-faunal decomposers using bait lamina (Ford et al., 2012b) and is likely to be enhanced by N addition treatments in grass-dominated habitats due to enhanced litter quality and palatability (Gong et al., 2015) . There is a theoretical contrast apparent between the impact of enhanced N additions, expected to increase N cycling rates, and grazing which might increase or decrease N cycling, depending on which theory you subscribe to. Therefore, grazing could either exacerbate or moderate effects of N deposition on nutrient cycling.
This study aimed to assess the impact of realistic N addition and grazing management on plant functional type, above and below-ground biomass and nutrient cycling in a speciesrich sand dune grassland of circum-neutral pH. The experiment fulfils three key criteria which many N deposition experiments fail to meet (Phoenix et al., 2012) : i) Long time scales -here N addition treatments were applied for 6 years prior to the measurements currently presented; ii) Realistic N loadings (7.5 -15 kg N ha -1 year -1 ) on top of a relatively low background N level of 11 kg N ha -1 year -1 ; iii) Frequent applications of N -N addition treatments were applied once a month at realistic solute concentrations. We propose the following three hypotheses: 1) The impact of N addition on plant composition and plant biomass and nutrient cycling in sand dune grasslands will be moderated by soil P limitation; 2) Grazing management will alter ecosystem characteristics, with the removal of large herbivores leading to a shift towards increased grass cover, fewer forbs, greater above-ground biomass and faster nutrient cycling; 3) There will be an interaction of grazing and nitrogen, with grazing management moderating N impacts on plant biomass and nutrient cycling.
Materials and Methods

Study site and experimental design
Fixed sand dune grasslands are species rich, low-productivity semi-natural grasslands, and a (Maddock, 2008; Plassmann et al. 2009 ). Grazed vegetation is characteristic of UK National Vegetation Classification (NVC) plant communities: Carex arenaria -Festuca ovina -Agrostis capillaris dune grassland (SD12) and Festuca rubra -Galium verum fixed dune grassland (SD8) (Rodwell, 2000) . In 2003, three replicate experimental blocks, each containing three 10 x 10 m experimental units: one fully grazed unit (unfenced), one rabbit grazed unit (fenced with 10 x 10 cm mesh to exclude large grazers) and one un-grazed unit (fenced with 10 x 10 cm mesh and an additional 2.7 x 3.7 cm mesh buried 20 cm underground to prevent rabbit access) were set up as described by Plassmann et al. (2009) . Small mammals such as field voles (Microtus agrestis) and invertebrate herbivores were assumed to be present within all experimental units. Fully grazed units are denoted as PR (pony and rabbit grazed); rabbit grazed units as R and ungrazed units as U. Two years prior to the measurements in this study, the rabbit population was drastically reduced by an outbreak of viral haemorrhagic disease. Without large grazers accessing these experimental plots to keep the sward short, when the rabbit population recovered the following year they did not return to these plots, preferring to remain in the shorter turf of the fully-grazed areas. Thus, the rabbit grazed treatment was (rabbit) grazed for 4 years, and then un-grazed for 2 years. It therefore represents a sward in transition, retaining some un-grazed characteristics (high sward height), but with residual characteristics of rabbit activity (altered nutrient cycling). 
Plant biomass and functional group
Six years after the start of the experiment, vegetation, including standing dead material, was harvested from two 25 × 25 cm squares for each nitrogen treatment, cut to ground level in autumn at the end of the growing season. Vegetation was then stored at 4 C and subsequently sorted into functional groups (forbs, graminoids, bryophytes and lichens).
Vegetation was dried at 65 °C in a fan oven for 24 hours to give a measure of above ground or 'shoot' biomass. At the same time, root biomass was sampled by extracting two 50 cm deep soil cores of 5 cm diameter per treatment plot using plastic corers. These cores were divided into three depth zones: 0 -15, 15 -30 and 30 -50 cm, soil removed via washing and roots dried at 65 °C for 24 hours to give an indication of root biomass.
Soil parameters
Soil moisture content and temperature were recorded in situ within each treatment plot, during autumn 2009. Soil moisture was calculated from conductivity measurements in direct volts using a Delta T Theta Meter HH1 across 0 -6 cm depth and converted to percentage soil moisture content using a standard calibration suitable for mineral soils. Soil temperature was measured using a digital thermometer down to 11 cm depth. In the summer, paired soil cores to 15 cm depth were taken from one corner of each N plot, using 6 plastic corers, capped at both ends to minimise soil disruption. After preparation for mineralisation assays, loss-on-ignition, at 375 °C for 16 h was used to estimate organic matter content, and soil pH in de-ionised water (weight by volume 1:2.5) was determined using a Corning pH meter 220.
Decomposition (meso-faunal feeding rates)
Litter breakdown via meso-faunal detritivores was measured in autumn using two bait lamina (Terra Protecta GmbH, Germany) in each of the 45 nutrient treatment plots (~ 2 m apart, diagonal corners). Bait lamina were left in situ for 38 days from late October and through November. Meso-faunal feeding rate was standardised to % of bait eaten per 7 days. Data from the two bait lamina per plot were averaged prior to statistical analysis.
Nutrient cycling
Plant and microbially available nitrogen (N) and phosphorus (P) were measured by N mineralisation assays and the Olsen P method (Olsen et al., 1954) calculated from the two paired 15 cm depth soil cores per split plot for each assay. The N mineralisation assay was conducted as follows. One batch of cores from each pair was extracted immediately in 1M KCl. The second batch was air-dried, then brought to standardised water content by addition of 60 ml de-ionised water (~60 % water holding capacity) (Robertson et al. 1999 ).
These were incubated for 28 days at 10 °C, before extraction in 1M KCl as above. Net nitrification and ammonification rates were calculated over these 28 d, and were expressed as µg N (g −1 organic matter) d −1 . Due to the strong temperature-dependency of the Olsen P extraction process the P mineralisation cores were treated differently. The soil cores were air-dried and brought to ~60 % water holding capacity (as above). They were then incubated for 122 days at 10 °C, before extraction by NaHCO3 using the Olsen P method. Results were expressed as µg P (g −1 organic matter) d −1 .
Statistical analysis
The effect of grazing and nutrient addition 'treatment' on each measured variable was analysed using the ANOVA output of a linear mixed effects model (lme) in R (R Development Core Team, 2014) e.g. lme (temperature ∼ grazing*treatment, random = ∼1|block/grazing/treatment). This approach was used to enable the raw data to be analysed accounting for replication at the level of the experimental block (grazing; n = 3) and the split-plot design of the experiment with nutrient treatments nested within grazing units. Results of best model fit were presented here based on lowest Akaike information criterion (AIC) number and quantile probability plot (qqnorm) with most normal distribution. Where ANOVA results showed a significant grazing effect, differences between pairs of grazing treatments (PR and R; PR and U), were reported directly from the lme summary output. As the remaining treatment pair (R and U) could not be 'read' directly from the lme summary, the difference between values for R and U in relation to PR was divided by the standard error to give a number (#) for the following calculation '2 × (1 − pt(#,d.f. = 4))' This gives a probability value for the difference between R and U for a twotailed test where d.f. = 4. Significant differences between pairs of nutrient treatment types were calculated using the same method.
Results
Plant biomass and functional group
The nutrient addition treatment significantly altered above-ground (shoot) biomass. High NP plots had greater above-ground biomass than control plots, but neither solo N nor P addition significantly increased above-ground biomass compared to the control. Grazing also altered above-ground biomass with greater biomass in the rabbit grazed than the fully grazed treatment (Fig. 1) . Un-grazed units also had high above-ground biomass but were not significantly different from the fully grazed or rabbit grazed treatments. Total root biomass, root biomass at each depth zone (0 -15, 15 -30 and 30 -50 cm) and root: shoot ratios did not differ significantly with either nutrient addition (Fig. 1a, Table 1 ) or grazing treatment (Fig. 1b, Table 2 ). A standard relationship between root biomass and root depth zone was zone (30 -50 cm). For broad plant functional groups, forbs accounted for 2 -4 % of the overall above-ground biomass, moss 25 -40 % and grass (+ litter) 60 -70 %. Lichens only occurred in four quadrats so were not included in major plant functional group analysis. Nutrient addition and grazing treatments both significantly altered above-ground biomass for certain plant functional groups. Above-ground biomass was significantly greater in the High NP treatment than the control or P addition plots as a result of significant changes in moss biomass (Fig.   1a ). Grass and forb biomass were not significantly affected by nutrient addition treatment.
Above-ground biomass was significantly greater in the rabbit grazed than the fully grazed treatment as a result of the grass biomass responses (Fig. 1b) .
Soil parameters
Soil moisture content was affected by grazing treatment with fully grazed units having higher soil moisture content than either the un-grazed or rabbit grazed treatments (Table   2 ). Soil temperature, pH and organic matter content did not differ significantly with either nutrient addition (Table 1) or grazing treatment (Table 2) .
Meso-faunal feeding activity
Soil depth was the over-riding factor influencing leaf litter breakdown via meso-faunal feeding activity (% per 7 days), the shallower the soil depth zone the greater the feeding rate (ANOVA: F = 111.59, p < 0.001). Grazing also had a significant effect (ANOVA: F = 7.86, p < 0.05) with the fully grazed treatments showing a significantly lower meso-faunal feeding activity rate than the un-grazed and rabbit grazed treatments at most depths (Fig. 2) .
Neither N nor P addition had any significant effect on meso-faunal feeding activity (ANOVA: F = 0.27, ns). 
Nutrient cycling
Net nitrification rate (g -1 organic matter) appeared to be NP co-limited as it was significantly greater under the High NP treatment than either the control or the Low N treatment (Fig. 3) .
Grazing also had an impact with a greater net nitrification rate in the un-grazed as opposed to the rabbit or fully grazed treatments. Net ammonification rate (g -1 organic matter) did not differ with either N or P nutrient addition (F = 0.23, p = 0.92) or grazing (F = 1.95, p = 0.26).
Phosphorus mineralisation (g -1 organic matter) also appeared to be NP co-limited as it was significantly greater under the HighNP treatment than either the control or the Low N treatment (Fig. 3) . However, P mineralisation showed no significant difference between the grazing treatments (Fig. 4) , in contrast to the response observed for net nitrification. There were no significant grazing -nutrient treatment interactions for all reported results. 
Discussion
Impact of N addition
The N addition treatments alone did not increase above-ground biomass, alter root biomass, increase meso-faunal feeding rates or alter N and P cycling. The similar lack of response in the P treatment, combined with significant responses observed only in the 14 combined NP treatment strongly suggests this dune grassland is NP co-limited. Other low nutrient grasslands have shown a degree of NP co-limitation, with significantly greater above-ground biomass in NP treatments than in the control or with addition of N or P separately (Willems et al., 1993; Carroll et al., 2003) . Across grasslands globally NP colimitation is widespread (Elser et al., 2007; Bracken et al., 2015; Fay et al., 2015) . By contrast, in a Dutch study, N addition was reported to increase plant biomass in diverse chalk grassland, overriding any subtle P effects (Bobbink 1991) , therefore not all calcareous grasslands are necessarily P limited. The soils at the experiment in Newborough are partly decalcified, with a pH around 6.1, a level at which phosphorus is not strongly bound chemically in complexes with calcium, and a similar pH at which sites in the Netherlands show high plant biomass (Kooijman and Besse 2002) . The soils at this location are at least 140 years old (Jones et al. 2008 ) and many decades of grazing may have depleted soil P levels, leading to a situation where the site is NP co-limited.
Whilst not significant, both the low and the high N treatments increased moss biomass by around 60 % relative to the control, highly consistent with the findings of Plassmann et al. (2009) . They discovered, using the same experimental units, that after only two years of treatment addition, there were significant increases in the N pool in bryophyte biomass in the low and the high N treatments due to both an increase in biomass and an increase in tissue N. This reveals consistency in the ecosystem response over short to longer timescales, and suggests that much of the additional N being deposited on sand dune grasslands is being stored in the plant or soil system, primarily in mosses but also in rhizomes of the sand sedge Carex arenaria . In this way, bryophytes can play a role in mediating access to nutrients by higher plants (Bracken et al., 2015) . While many bryophytes are highly sensitive to N, the increase in bryophyte biomass here is not surprising as responses are species-specific (Armitage et al., 2012) . However, experiments applying much higher loadings of N in calcareous grasslands, low nutrient fens and ombrotrophic bogs have shown a decline in moss cover and an increase in vascular plants, particularly graminoid cover (Carroll et al. 2003; Cusell et al., 2014; Wu and Blodau, 2015) .
Nutrient cycling is important in low-nutrient calcareous grasslands as it determines plant available N and P, both of which are limiting factors for plant primary productivity (Bardgett et al., 2011) . Plants and microbes often compete for key nutrients in nutrient poor systems, however microbes can also facilitate plant nutrient uptake by boosting N and P mineralisation in the rhizosphere (Marschner et al., 2011; Dijkstra et al., 2015) . The NP colimitation effect on nutrient cycling reported here has not been widely reported elsewhere.
In other studies, both short and long term N additions in other studies increased net N mineralization, nitrification rates and leaching of nitrate in both improved and calcareous grasslands (Wedin and Tilman, 1996; Ledgard et al., 1998; Unkovich et al., 1998) . However, these experimental studies all added N at rates of 50 -300 kg N ha -1 year -1 , considerably overshooting our more realistic levels of 7.5 -15 kg N ha -1 year -1 , which much more accurately reflect the situation of long-term increased deposition from atmospheric nitrogen which affect a considerable proportion of semi-natural habitats in Europe and indeed globally (Phoenix et al. 2006) . Other experiments may not have shown NP colimitation due to previous application of P (as farmyard manure or fertiliser) in improved grasslands. Despite greater plant biomass in the high NP treatment, there was no trophic cascade, i.e., no impacts on meso-faunal feeding rates, and meso-faunal feeding rates in turn did not appear to alter rates of nutrient cycling.
Grazing management
Not surprisingly, grazing by ponies, cattle and rabbits reduced the above-ground biomass.
However, the high biomass in the rabbit only treatments requires further explanation. As a result of the decline in rabbit population prior to the measurements in this study, the rabbit grazed units combined elements of both un-grazed and grazed systems. Characteristics of un-grazed grassland included: a tall above-ground canopy (due to grass re-growth following rabbit decline), low soil moisture content and high meso-faunal feeding rates indicative of aerobic un-compacted soil conditions. However, residual characteristics of (rabbit) grazing on some ecological processes remained, such as root growth and nutrient cycling effects.
Removal of grazing had no effect on forb biomass, this is surprising as removal of large grazing herbivores tends to lead to a decrease in the abundance of flowering plants and a corresponding increase in grass cover (Pykälä, 2003; Plassmann et al. 2010; Ford et al., 2012a) . 16 It is often suggested that more intensively grazed land is characterised by faster bacterial nutrient cycling and un-grazed grassland will have slower fungal cycling (McNaughton et al., 1997; Bardgett et al., 1998) . However, in this study net nitrification rate was greatest in the un-grazed grassland, supporting an opposing view that grazing by large herbivores can decrease nutrient cycling (van Wijnen et al., 1997; Bakker, 2003; Ford et al., 2013) . This may be because cattle distribute N unevenly via their faeces and urine, with pulses of nutrients being patchy in both space and time, whereas smaller mammals such as voles, present within un-grazed units, return nutrients to the soil more uniformly (Rotz et al., 2005) . In this study, grazing appeared to result in a de-coupling between N and P cycling. The reasons for this are unclear, but may help shed some light on mechanisms controlling litter phosphatase activity. Further work would be required to unpick the mechanisms behind this effect, and its implications.
Implications for management
The N treatments added to the background deposition take the total N loads to 18.5 and 26 kg N ha -1 yr -1 , well above the maximum of the critical load range for this habitat of 8 -15 kg N ha -1 yr -1 (Bobbink and Hettelingh 2013) . Although no impact is yet apparent on plant biomass or nutrient availability compared with the control, the quantity of moss biomass suggests that N may be stored in the plant or soil system, as in Bracken et al. (2015) , with potential unknown consequences in the future. Estimates of additional N deposition at this site from a nearby intensive poultry unit show that increases in N deposition are likely to augment soil N and soil C pools over time . It should also be borne in mind that since the background deposition is near the mid-point of the critical load range for fixed dune grasslands there may already be impacts including reduced species richness and a shift towards N tolerant species. For example, data in Field et al. (2014) show that even a relatively small increase in N deposition from 8 to 11 kg N (within the critical load range) may result in a loss of species richness in dune grasslands. This has implications for conservation management in high N deposition areas where sites may already have experienced N impacts at the time of designation, but do not show obvious damage due to N since designation. Furthermore, if sites are NP co-limited, the continued accumulation of N may result in hidden impacts which will only become apparent in the future. There is also evidence that P limitation may not fully protect habitats in the long-term from N-deposition impacts mediated by plant competition. Studies across a range of ecosystems show that increasing N availability can enhance P cycling rates, by allocating excess N to phosphatase enzymes, thereby delaying the onset of P limitation and offering a pathway by which plants and ecosystems can adjust to changes in N and P supplies (Rowe et al., 2007; Marklein and Houlton, 2012) .
